An efficient total synthesis of (؉)-vincristine has been accomplished through a stereoselective coupling of demethylvindoline and the eleven-membered carbomethoxyverbanamine presursor. Demethylvindoline was prepared by oxidation of 17-hydroxy-11-methoxytabersonine, followed by regioselective acetylation with mixed anhydride method. Although an initial attempt of coupling by using demethylvindoline formamide was not successful and resulted in recovery of the starting compounds, the reaction using demethylvindoline took place smoothly to furnish the desired bisindole product with the correct stereochemistry at C18. After formation of the piperidine ring by sequential removal of the protective groups and intramolecular nucleophilic cyclization, the total synthesis of vincristine was completed by formylation of N1.
V inblastine (1) was first discovered as an unexpected myelosuppressive agent in 1958 by Noble and coworkers during search for an antidiabetic agent in Catharanthus roseus (1) . Independently, researchers at Eli Lilly found that extracts of C. roseus possessed activity against P-1534 leukemia in mice and isolated vinblastine as its active entity in 1959 (2) . The structure of a related compound, vincristine methiodide, was then determined by an x-ray crystallography in 1965 (3) . Finally, structural studies on these alkaloids (4) revealed that both vinblastine (1) and vincristine (2) (5) are bisindole alkaloids, containing vindoline (3) attached to a tetracyclic indole, carbomethoxyvelbanamine (6) (Fig. 1) .
These bisindole alkaloids inhibit assembly of tubulin units into microtubules, resulting in the arrest of cell division at metaphase. Although these compounds are very similar in structure and exhibit the same mode of action, they have different effects on the body (6) . Vinblastine (1) is mainly useful for treating lymphocytic lymphoma, histiocytic lymphoma, Kaposi's sarcoma, and advanced testicular and breast cancer. Vincristine (2) , on the other hand, displays curative effects in acute leukemia, rhabdomyosarcoma, neuroblastoma, and other lymphomas. Clinical treatment with these alkaloids is commonly accompanied by toxic side effects, and the typical dose-limiting factor for the former is bone marrow damage and the dose-limiting factor for the latter is neurotoxicity. Thus, development of more active and less toxic congeners is still an active area of research, where establishment of an efficient synthetic route would be required to carry out systematic studies on the structureactivity relationships.
Numerous synthetic studies have been directed toward Vinca alkaloids (7) (8) (9) (10) (11) (12) (13) (14) , and to date four total syntheses of vinblastine (1) have been reported (15) (16) (17) (18) . In contrast, vincristine (2) , which is more difficult to obtain than vinblastine (1) because of very low content in the plant (Ϸ0.0003% yield from C. roseus),
has not yet been synthesized by means of total synthesis. It has only been prepared by derivatization of natural vinblastine (1) by direct oxidation of the N-methyl group (19) (20) (21) or by formylation of demethylvinblastine isolated from nature or prepared from vinblastine (1) by microbiological demethylation (22) . Our own efforts in this area have recently led us to accomplish a total synthesis of vinblastine (1) (23) through an efficient total synthesis of vindoline (3) (23, 24) . In this work, we describe a total synthesis of vincristine (2) through the stereoselective coupling of demethylvindoline and the eleven-membered carbomethoxyverbanamine presursor. This is a previously unreported example of de novo total synthesis of vincristine (2) without dependence on either derivatization of vinblastine (1) or semisynthesis with vindoline (3).
Materials and Methods
Synthetic Materials and Methods. All nonaqueous reactions were carried out under an inert atmosphere of argon in oven-dried glassware unless otherwise noted. Dichloromethane, toluene, and benzene were distilled from calcium hydride. Dehydrated tetrahydrofuran, diethyl ether, acetonitrile, N,N-dimethylformamide, methanol, and ethanol were purchased from Kanto Chemical Co. (Tokyo) and stored over molecular sieves 3A or 4A. All other reagents were commercially available and used without further purification. 1 H and 13 C NMR spectra were recorded on a JEOL LA 400-MHz spectrometer. IR spectra were recorded on a FT͞IR-410 Fourier Transform Infrared Spectrophotometer (Jasco, Tokyo). Mass spectra and highresolution mass spectra (HRMS) were obtained on a JEOL JMS-GCmate MS-DIP20. Fast atom bombardment (FAB) mass spectra were obtained with 3-nitrobenzyl alcohol (for lowresolution mass spectra) or polyethylene glycol (for HRMS) as the matrix. Optical rotations were measured on a Jasco DIP-1000 Digital Polarimeter at room temperature with the sodium D line. Melting points, determined on a Micro Melting Point Apparatus (Yanaco LID Co., Kyoto), are uncorrected.
Deacetyldemethylvindoline (11).
A stirred two-phase suspension of 10 (54.1 mg, 0.141 mmol) in 10% methanol͞dichloromethane (3.1 ml) and saturated aqueous sodium bicarbonate (2.2 ml) was cooled in an ice bath; to this suspension was added mchloroperbenzoic acid (65 mg, Ϸ75%, Ϸ0.28 mol) dissolved in a small amount of 10% methanol͞dichloromethane at 0°C for 2 min. After stirring for additional 10 min, methanolic solution of sodium cyanoborohydride (27 mg, 0.42 mmol) containing methyl orange was added, and 10% methanolic hydrogen chloride was added dropwise until the color of the solution turned red. The resulting solution was stirred for 5 min before additional meth-anolic solution of sodium cyanoborohydride (27 mg, 0.42 mmol) was added. After stirring for 3 min, the reaction mixture was allowed to warm up to room temperature and stirred for 30 min, keeping pH at Ϸ3 by addition of 10% methanolic hydrogen chloride. Then, sodium carbonate was added until the pH of the mixture increased to Ϸ10. Then, sodium bisulfite (381 mg) was added. The resulting suspension was stirred for 3 h. The mixture was then partitioned between dichloromethane and 3% aqueous ammonia. The aqueous layer was thoroughly extracted with dichloromethane. The combined organic extracts were dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo. The residue was purified with preparative TLC (5% methanol in dichloromethane) to give 11 (33. 5 Demethylvindoline (12). Deacetyldemethylvindoline (11) (40.3 mg, 0.101 mmol) and sodium acetate (41.3 mg, 0.503 mmol) were dissolved in acetic anhydride (1.0 ml) at 0°C. After stirring for 12 h, the resulting suspension was diluted with dichloromethane, quenched with 15% aqueous ammonia, and diluted with water. After removal of the ice bath, the organic layer was separated. The aqueous layer was extracted with dichloromethane five times. The combined organic extracts were dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The residue was purified with flash-column chromatography on neutral SiO 2 (methanol͞hexane͞dichloromethane, 2:10:78) to give 39.2 mg (0.0886 mmol, 87.7%) of demethylvindoline (12) Coupling Reaction. To a solution of indoles 13 (85.0 mg, 0.105 mmol) in dichloromethane (0.70 ml) was added t-butyl hypochlorite (12.9 l, 0.114 mmol) at 0°C and the reaction mixture was stirred at 0°C for 10 min. The excess amount of t-butyl hypochlorite was removed by passage through a silica gel column to afford chloroindolenines 5 as a yellow oil. The chloroindolenines (5) and demethylvindoline (12) (38.8 mg, 0.0877 mmol) was dissolved in dichloromethane (1.0 ml), and the solution was cooled to 0°C. To the solution was added trifluoroacetic acid (67 l, 0.88 mmol), and the reaction mixture was stirred at room temperature for 20 min before it was quenched with saturated aqueous sodium bicarbonate. The organic layer was separated, and the aqueous layer was extracted with dichloromethane. Then, the organic extracts were combined, dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. 4 .0]undec-7-ene (5.1 l, 35 mol) in acetone (0.50 ml) was added a solution of 2-mercaptoethanol (12 mol) in acetone (80 l) at room temperature. An additional five portions of 2-mercaptoethanol (2.3 mol in 16 l of acetone) were added during the period of 150 min. Then, the reaction mixture was concentrated under reduced pressure and purified with preparative TLC (7.5% methanol in dichloromethane) to afford the secondary amine (6.8 mg, 7.0 mol, 61%) as a white amorphous solid. The unstable secondary amine thus obtained was used immediately for the next step.
(؉)-Demethylvinblastine (16).
A solution of the secondary amine (6.8 mg, 7.0 mol) and sodium bicarbonate (20 mg) in isopropyl alcohol͞water (1:1, 2.0 ml) was stirred for 20 h before it was partitioned between dichloromethane and brine. The aqueous layer was thoroughly extracted with dichloromethane. The combined organic layers were dried over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The residue was purified by preparative TLC (10% methanol in dichloromethane) to give 3.2 mg (4.0 mol, 57%) of (ϩ)-demethylvinblastine (16) (؉)-Vincristine (2). A mixture of acetic anhydride and formic acid (11:5, vol͞vol) was heated at 50°C for 1 h and cooled to room temperature. (ϩ)-Demethylvinblastine (16) (3.0 mg, 3.8 mol) was dissolved in 0.30 ml of this acidic mixture at room temperature and the resulting mixture was stirred for 1.5 h. Then, the mixture was diluted with dichloromethane and quenched with 20% aqueous ammonia. After removal of the organic layer, the aqueous layer was thoroughly extracted with dichloromethane. The combined organic extracts were dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The residue was purified with preparative TLC (30% methanol in diethyl ether) to give (ϩ)-vincristine (2) (2. 
Results and Discussion
Synthetic Plan. The synthetic plan of vincristine (2), based on our total synthesis of vinblastine (1) (23), is depicted in Fig. 2 . To construct the stereochemistry of C18Ј, we planned to exploit the coupling reaction using the chloroindolenine intermediate 5 bearing an eleven-membered ring. Conformational preference of the eleven-membered ring of the active species such as 8 would be a key factor to construct the desired stereochemistry. Thus, semiempirical calculations (MOPAC PM3) of a model compound 8 showed that lowest-energy conformation of the elevenmembered ring possessed a chair-like shape (Fig. 3) . Therefore, nucleophilic attack of the vindoline derivative 6 would occur from the sterically less hindered ␣-face to construct the desired stereochemistry. This conformational analysis was also supported by a model reaction using the simplified upper unit with natural vindoline as reported by Schill and coworkers (25) . After the stereoselective introduction of the vindoline moiety, vincristine would be obtained by the formation of piperidine ring in the upper indole unit. The desired demethylvindoline segment 6, on the other hand, would be synthesized by a modification of our efficient synthesis of vindoline (24) .
Synthesis of Demethylvindoline Formamide (6). 11-Methoxytabersonine (7) was synthesized from 7-hydroxyquinoline (9) (26) through our 2,3-disubstituted indole synthesis by radical cyclization of 2-alkenylthioanilide (27) as a key process (Fig. 4) (23, 24) . After oxidation of allylic position with benzene seleninic anhydride (10), further oxidation of enamine moiety of 10 was extensively investigated. To this end, deacetyldemethylvindoline (11) was successfully obtained by treatment with m-chloroperbenzoic acid under buffered conditions (10, 13, 24) , followed by reduction of the resultant imine with sodium cyanoborohydride. To perform the subsequent selective acetylation and formylation, a careful choice of reaction conditions was necessary. Thus, on treatment of the diol 11 with acetic anhydride in the presence of sodium acetate at 0°C (7), regioselective acetylation took place to give demethylvindoline (12) exclusively. Finally, the corresponding formamide 6 was obtained by a mixed anhydride method with formic acid and acetic anhydride. Unsuccessful coupling reaction. TFA, trifluoroacetic acid or trifluoroacetyl. With the requisite demethylvindoline formamide (6) in hand, we next examined the crucial coupling reaction of the two segments. The indole segment 13 bearing an eleven-membered ring, a precursor of chloroindolenine species, was efficiently synthesized from quinoline according to our reported sequence (23) . After chlorination of compound 13 with tert-butyl hypochlorite, the resultant chloroindolenine 5 and demethylvindoline formamide (6) were dissolved in dichloromethane and treated with trifluoroacetic acid (Fig. 5) . To our disappointment, the desired coupling product could not be obtained, and the starting compounds were recovered. At this point, we considered that this failure of the coupling reaction might be due to the lower nucleophilicity of demethylvindoline formamide (6) than that of vindoline (3), and therefore decided to perform the coupling reaction with demethylvindoline (12), which should possess higher nucleophilicity than the corresponding formamide. As expected, the chloroindolenine 5 and 12 were treated with trifluoroacetic acid to give coupling product 14 in 75% yield as a sole isomer (Fig. 6) . Subsequent selective methanolysis of the trifluoroacetate 14 gave tertiary alcohol 15, which was treated with 2-mercaptoethanol and 1,8-diazabicyclo [5.4 .0]undec-7-ene in acetone to remove 2-nitrobenzenesulfonyl group (28) (29) (30) to yield the corresponding secondary amine. The piperidine ring of the upper part was constructed by intramolecular S N 2 reaction to furnish demethylvinblastine (16) . Finally, formylation of N1 position according to the procedure described (19) afforded (ϩ)-vincristine (2) . The spectral data of the synthetic samples were identical with those of natural vincristine.
Conclusions
We have accomplished a total synthesis of (ϩ)-vincristine (2) through an efficient synthesis of both indole segments and their stereoselective coupling. The success of the crucial coupling reaction depended not only on the appropriate conformation of the upper eleven-membered carbomethoxyverbanamine precursor, but also on the fine tuning of the nucleophilic nature of the lower vindoline derivative. We believe that the present synthetic pathway would be useful for the development of an efficient anticancer agent, because it could be applied to the synthesis of a range of vincristine analogues, including those not accessible by chemical modification of natural compounds.
